ScienceDirect 


Journal of Power Sources 174 (2007) 720-725 


Available online at www.sciencedirect.com 


JOURNAL OF 


www.elsevier.com /locate /jpowsour 


Short communication 


Effects of fluorine-substitution on the electrochemical 
behavior of LiFePO,/C cathode materials 


Xiao-Zhen Liao, Yu-Shi He, Zi-Feng Ma”, 
Xiao-Ming Zhang, Liang Wang 


Department of Chemical Engineering, Shanghai Jiao Tong University, 
Shanghai 200240, People’s Republic of China 


Available online 28 June 2007 


Abstract 


The effects of fluorine substitution on the electrochemical properties of LiFePO,/C cathode materials were studied. Samples with stoichiometric 
proportion of LiFe(PO4))—,F3,/C (x = 0.025, 0.05, 0.1) were prepared by adding LiF in the starting materials of LiFePO4/C. XRD and XPS analyses 
indicate that LiF was completely introduced into bulk LiFePO, structure in LiFe(PO,),_,.F3,/C (x = 0.025, 0.05) samples, while there was still some 
excess of LiF in LiFe(PO4)o.9Fo3/C sample. The results of electrochemical measurement show that F-substitution can improve the rate capability of 
these cathode materials. The LiFe(PO4)o.9Fo3/C sample showed the best high rate performance. Its discharge capacity at 10 C rate was 110 mAh g7! 
with a discharge voltage plateau of 3.31—-3.0 V versus Li/Li*. The LiFe(PO4)o.9Fo3/C sample also showed obviously better cycling life at high 


temperature than the other samples. 
© 2007 Elsevier B.V. All rights reserved. 
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1. Introduction 


Lithium ion phosphate LiFePO, has attracted great attention 
as a promising replacement for LiCoO 2 because of its low cost, 
low toxicity and safety [1,2]. However, a main drawback of pris- 
tine LiFePO, is its very low intrinsic electronic conductivity, 
which results in poor rate performance. To solve this prob- 
lem, various methods have been applied. The most successful 
approaches are cation substitution [3], particle size reduction 
[4—6] and carbon coating at the surface of LiFePO, particles 
[7-13]. Anion substitution, on the other hand, is less often 
attempted. 

Fluorine substitution at the oxygen site of the cathode active 
materials for lithium ion batteries attracts much attention in 
recent years [14-16]. It is reported that the fluorine substitu- 
tion is effective to improve cycling life for layered structure 
cathode materials. The crystal structure of these materials was 
stabilized by partially substituting fluorine for oxygen, and the 
phase transitions during charge and discharge are partially sup- 
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pressed [17-19]. Sun and co-workers [20-22] reported that F 
doping at the oxygen site of LiNiO2 and Li[Ni1/3Co1/3Mnj1/3]O2 
can improve high rate capability and cycle stability, even at high 
upper voltage limit of 4.6 V. Furthermore, fluorine substitution 
catalyzes the growth of the primary particles, which in turn 
results in high tap density as well as high volumetric capac- 
ity. Amatucci et al. [23] observed that fluorine doping at the 
oxygen site of LiAlo.2Mnj;.303.Fo.2 resulted in improvements 
in capacity and its retention during 300 cycles, and exhibited 
enhanced stability at elevated temperature. They attributed these 
beneficial effects to the resistance of fluorides to attack by HF 
found in the electrolyte. A novel lithium vanadium fluorophos- 
phate, LiVPO,F, was synthesized by Valence Technology [24], 
its electrochemical insertion properties was studied. It indicated 
that the V*+/V*+* redox couple in LiVPO4F is located at a poten- 
tial around 0.3 V higher than that for the same transition in the 
lithium vanadium phosphate, Li; V2(PO4)3. This property char- 
acterizes the impact of structural fluorine on the inductive effect 
of the PO4** polyanion. All of the results mentioned above 
show the positive effects of fluorine on the cathode materials 
for lithium ion batteries. However, fewer reports on fluorine 
substitution for LiFePO4 materials have been issued. In this 
work, a series of F-substituted LiFe(PO4)1—xF3x/C (x=0.025, 
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Fig. 1. X-ray diffraction patterns of LiFe(PO4))—,F3,/C (x =0, 0.025, 0.05, 0.1). 


0.05, 0.1) cathode materials were synthesized to investigate the 
effects of fluorine substitution on the electrochemical properties 
of LiFePO4/C. 


2. Experimental 


LiFe(PO4)1—xF3x/C (x =0, 0.025, 0.05, and 0.1) samples were 
synthesized by using a ball milling procedure according to the 
following reaction equation: 


Fe + 2FePOs - 4H20 + (1 — 3x)Li3PO4 - +H20 + 9xLiF 
—> 3LiFe(PO4),_,F3x + (17 — 3x)/2H20 


Sucrose was added as a conductive additive precursor in the start- 
ing mixture. The products of ball milling were heat-treated at 
600-650°C for 30 min to obtain the final LiFe(PO4)1—xF3x/C 
(x=0, 0.025, 0.05, and 0.1) samples with a carbon content 
about 2.7 wt.%. The synthesis procedure is the same as that 
of LiFePO4/C as described in detail elsewhere [12,13], except 
partly replacement of Li}PO4-1/2H20 with LiF in the starting 
mixture based on the above reaction equation. 

Powder X-ray diffraction (XRD) measurements were car- 
ried out over the 20 range from 10° to 70° with a Philips 
3100E diffract meter using Cu Ka radiation (A = 1.54 A). The 
binding energy of fluorine ion was investigated by X-ray pho- 
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Fig. 2. X-ray diffraction patterns of LiFe(PO4)1~,F3,/C (x=0.025, 0.05, 0.1) 
in the 20 range of 37-46°. 
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Fig. 3. X-ray diffraction pattern of the product using LiF as lithium source 
instead of Liz3POq. 


toelectron spectroscopy (XPS). XPS spectra were collected on 
a PHI-5000C ESCA system (Perkin-Elmer) with Al Ka radi- 
ation (1486.6eV), the base pressure of the analyzer chamber 
was about 5 x 1077 Pa, and the binding energies were calibrated 
by using the containment carbon (C15 = 284.6 eV). The electro- 
chemical characteristics of the LiFe(PO4)1—xF3x/C (x =0, 0.025, 
0.05, 0.1) samples were measured by using a R2016 button 
cell. A composite electrode consisting of 75 wt.% active mate- 
rial, 15 wt.% acetylene black and 10 wt.% PVDF binder was 
used as positive electrode. A lithium metal foil was used as 
anode. LiPF¢ (1 M) in a 1:1(v/v) mixture of dimethyl carbonate 
(DMC) and ethylene carbonate (EC) was used as electrolyte. 
Charge-—discharge performances were evaluated using a battery 
test system (LAND CT2001A model, Wuhan Jinnuo Electronics 
Co., Ltd.) under a constant current condition. 


3. Results and discussion 


Fig. | shows the XRD patterns for the prepared LiFe 
(PO4)1~xF3,/C (x=0, 0.025, 0.05, 0.1) samples. The diffrac- 
tion peaks of the F-substituted materials were almost the same 
as the peaks of LiFePO,/C with an ordered olivine structure 
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Fig. 4. Fıs XPS spectra of LiFe(PO4)ı—-xF3x/C (x=0.025, 0.05, 0.1) samples 
and 0.15LiF + LiFePO4/C mixture. 
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Fig. 5. Tenth charge—discharge curves of the LiFe(PO4))~,F3,/C (x=0, 0.025, 
0.05, 0.1) samples at 0.1 C rate. 


indexed to the orthorhombic Pumb space group. A very slightly 
shift to the lower 26 angle of the diffraction peaks for the F sub- 
stituted materials was observed as the F content increased, the 
relative intensities of the peaks changed. This indicates that F 
was successfully introduced into LiFePO4 matrix structure and 
the incorporation of F did not alter the LiFePO, structure but 
slightly increased the lattice parameters. 

In order to clarify whether the added LiF in the starting mate- 
rials was all introduced into the LiFePO4 matrix structure, the 
fine structures of LiFe(PO4)1—-xF3x/C (x = 0.025, 0.05, 0.1) sam- 
ples in the 20 range of 37-46“ were detected as shown in Fig. 2. It 
can be seen that the XRD pattern of LiFe(PO.)o.9Fo.3/C includes 
a weak peak at 20 = 38.7°, which is a typical of LiF. No diffrac- 
tion peaks from LiF were identified for LiFe(PO4),—,F3,/C 
(x=0.025, 0.05) samples. However, what happen to fluorine 
during the mechaochemical reaction? In order to clarify this 
question, we prepared a special sample by entirely using LiF 
instead of Liz PO;4 as lithium source. The molar ratio of the start- 
ing mixture was LiF:FePO4-4H20O:Fe = 3:2:1. Fig. 3 shows the 
XRD pattern of the resulting product. XRD analysis showed 
that the resulting powder was a mixture of LiFePO4, Fe2(PO4)F 
and LiF. From these results we assume that the fluorine was 
introduced into the bulk of lithium ion phosphate by substitu- 
tion of F` for PO4?~ in the F-substituted LiFe(PO4)1—xF3x/C 
(x=0.025, 0.05, 0.1) samples. 

The XPS spectra of Fıs for LiFe(PO4)1—xF3x/C (x= 0.025, 
0.05, 0.1) samples and the LiFePO4/C+0.15LiF mixture 
were illustrated in Fig. 4, respectively. It can be found that 
both LiFe(PO4)0.95Fo.15/C and LiFe(PO4)0.975 Fo.075/C sam- 
ples exhibited one Fj, peak centered at 684.59 eV, which is 
different from the peak position of LiF (686.52eV) in the 
LiFePO,/C + 0.15LiF mixture. The Fıs peak around 684.59 eV 
may be attributed to the F—Fe bond. On the other hand, 
there are obviously two Fj, peaks at 684.59 and 686.52 eV 
for LiFe(PO4)o.9Fo.3/C sample. The LiFe(PO.)o.9Fo.3/C sample 
was over-substituted and some excess LiF was detected. These 
results consist with the XRD analyses. 

Fig. 5 presents the charge—discharge voltage profiles of the 
Li|LiFe(PO4)1—,F3,/C (x: 0, 0.025, 0.05, 0.1) cells between 2.0 
and 4.2 V using a low constant current density of 17mAg™!. 
Fluorine substitution did not change the potential profile of 
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Fig. 6. Discharge profiles of the LiFe(PO4)~,F3,/C (x=0, 0.025, 0.05, 0.1) 
samples at various C rates. Charge rate 0.1 C. 


LiFePO,/C. Slightly substitution increased the reversible capac- 
ity of substituted materials. However, heavy substitution caused 
a capacity loss. The LiFe(PO4)o.9Fo.3/C sample delivered a 
lower discharge capacity of 151.6 mAh g7! compared to 159.4, 
163.88 and 157.9 mAh g7! for LiFe(PO4)|—.F3,/C (x=0.025, 
0.05, 0), respectively. The lithium ions corresponding to the 
excess LiF in the LiFe(PO4)g,9Fo.3/C sample did not contribute 
to charge/discharge capacity of the cathode material. 

Fig. 6 compares the rate performance of LiFe(PO4)1—xF3x/C 
(x=0, 0.025, 0.05, 0.1) samples. The discharge curves were 
tested at various C rates. The cut-off voltage was 2.0 V. The 
cells were recharged at 0.1 C rate (17 mA g7!). It can be seen 
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Fig. 7. Cyclic voltammograms of (a) Li|LiFePO4/C and (b) LiļLiFe 
(PO4)o.9Fo.3/C cells at a scan rate of 0.05 mV s7 !. 


that the discharge performance of un-substituted LiFePO4/C 
was strongly affected by C rate. The average discharge volt- 
age decreased obviously from 3.4 V (0.1 C) to 3.0 V (5 C) with 
increased C rate. On the other hand, F substituted samples show 
increased initial discharge voltage at all test current densities, 
and the drop of initial discharge voltage with the increased C rate 
was alleviated. This suggests that F-substitution could improve 
the electric conductivity of these cathode materials, which alle- 
viated the polarization of the active materials under high current 
densities. The heavily F substituted LiFe(PO4)1—xF3x/C (x= 0.1) 
sample exhibited very attractive behavior. Although the primary 
capacity was lower than the other samples, it showed much better 
capacity retention as discharge current density increased. It can 
also be seen from Fig. 6 (x=0.1) that LiFe(PO.)o.9Fo.3/C sam- 
ple exhibited the best high rate performance. As the discharge 
current density increased, the average voltage of the discharge 
profiles only slightly decreased from 3.428 V (0.1 C) to 3.35 V 
(5 C) and 3.20 V (10 C). Furthermore, all its high rate discharge 
profiles displayed good flat plateaus. The discharge capacities 
at different C rates were 151.9 mAh g7! (0.1 C), 119.4 mAh g7! 
(5C) and 109.8mAhg”! (10C), respectively. These results 
indicate that the diffusion of lithium ions was improved by 
F-substitution. The high ionicity of F” may contribute to the 
motion of lithium ion in the F-substituted materials. 

The effects of fluorine substitution on the electrochemical 
performance of LiFePO4/C materials can be further under- 
stand by cyclic voltammograms. Fig. 7 shows the CV curves 
of Li|LiFePO4/C and Li|LiFe(PO4)o.9 Fo 3/C cells measured 


between 2.5 and 4.0 V at a scan-rate of 0.05 mV s”!. The two 
samples show similar CV curves with one pair of redox peak. 
The redox peaks of LiFe(PO4)o,.9Fo.3/C and LiFePO4/C samples 
were centered at 3.507/3.395 and 3.560/3.327 V, respectively. It 
is noticed that the peak separation of LiFe(PO4)o.9Fo.3/C sam- 
ple is narrower and the peak shape was shaper than LiFePO4/C. 
This result indicates an easier lithium insertion and extraction 
in the fluorine substitution samples. 

Fig. 8 presents the cycling characteristics of the LiFe 
(PO4)1—xF3,/C (x=0, 0.025, 0.05, 0.1) cathode materials at 25 
and 55°C. The cells were cycled between 2.0 and 4.2 V at 
1C charge—discharge rate. A comparison of these profiles is 
easy to find that the cycle stability of LiFe(PO4)o,95Fo.15/C and 
LiFe(PO4)o.975Fo.975/C samples is similar to that of un- substi- 
tuted LiFePO4/C at both 25 and 55°C. The fully F-substituted 
LiFe(PO4)o.9Fo.3/C sample exhibited obviously better cycle 
life than the other samples, especially at elevated temper- 
ature. The cycling profiles tested at 55°C (Fig. 8b) show 
that LiFe(PO4)1—xF3x/C (x=0, 0.025, 0.05) samples all deliv- 
ered an initial discharge capacity large than 160mAhg7! 
at 55°C, however, the capacity fade obviously after 100 
cycles. The capacity of the 300th cycle for these samples 
was 107.3, 109.8 and 106.9mAhg™!, respectively, which was 
less than 70% of their initial capacities. On the other hand, 
while the initial discharge capacity of LiFe(PO4)o.9Fo.3/C was 
155.7 mAh g7!, it demonstrated improved cycling performance 
and only 2.5% capacity fade was observed after 200 cycles. 
It still remained a capacity of 143.1mAhg™! at the 300th 
cycle, which was 91.8% of its initial capacity. In order to 
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Fig. 8. Cycling performance Li|LiFe(PO4))~xF3,/C (x=0, 0.025, 0.05, 0.1) 
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Fig. 9. Charge—discharge profiles at 55°C under 1 C rate for (a) LiFePO4/C (b) 
LiFe(PO4)0.9Fo.3/C. 


clarify the effect of F-substitution on the cycling performance 
of LiFe(PO.)o.9Fo.3/C sample at elevated temperature, volt- 
age profiles from cycles 10, 100, 200 and 300 at 55°C for 
the cells of Li|LiFePO4/C and Li|LiFe(PO4)0.9F0.3/C are com- 
pared in Fig. 9. It is clear that the charge—discharge profiles 
for LiFe(PO4)o,9Fo.3/C maintained almost the same shape up 
to the 200th cycle. However, the profiles for un-substituted 
LiFePO4/C show significant polarization after 100 cycles and 
the voltage polarization turned to be more severe as cycling pro- 
ceeded. In addition, decrease of initial discharge voltage was 
also observed as cycle number increased for Li|LiFePO4/C cell. 
All these results indicate an increase in cell impedance dur- 
ing cycling, which resulted in a decrease of charge—discharge 
capacity. The comparison of the charge—discharge profiles 
at elevated temperature indicated that the F-substitution in 
LiFe(PO4)o.9Fo.3/C could reduce both the ohmic resistance 
and lithium diffusion resistance in the cathode material. Fully 
F-substitution on LiFe(PO4)o.9Fo.3/C has a positive effect to 
improve the cycle stability at elevated temperature. There are 
many possible reasons for capacity fading in lithium batter- 
ies [25,26], such as the fatigue of crystal structure for the 
active materials, the loss of electronic contacting among mate- 
rial particles and the decomposition of the electrolyte (which 
will be accelerated at higher temperature) during cycling. For 
the difference on cycling behavior between LiFePO4/C and 
LiFe(PO4)o,9Fo.3/C cathodes, the explaining maybe as fol- 
lowing: At elevated temperature, the decomposition of the 
electrolyte was accelerated and more HF will be generated as 


a result of the decomposing reaction, which will then cause 
the dissolution of iron from the cathode material. The fully 
F-substitution of LiFe(PO4)o.9Fo.3/C may alleviate the iron 
dissolution, thus cause a longer cycling life of this material. 
However, more investigation work is required to clearly explain 
the real role of fluorine in the crystal structure of lithium ion 
phosphate. 


4. Conclusion 


In this study, F-substituted LiFe(PO4)1—xF3x/C (x: 0, 0.025, 
0.05, 0.1) materials were synthesized via a ball milling method 
by adding LiF to the starting materials of LiFePO4/C. XRD 
and XPS analyses indicate that F-substitution did not alter the 
crystal structure of LiFePO4 phase. The LiFe(PO4)o.9Fo.3/C 
was slightly over substituted with some free LiF remained 
in the sample. F-substitution can improve the rate capabil- 
ity of these cathode materials. The excessively F-substituted 
LiFe(PO4)o.9Fo.3/C show the most attractive high rate perfor- 
mance. Its discharge capacity at 10C rate was 110 mAh g7! 
with a flat discharge voltage plateau of 3.31-3.0V versus 
Li*/Li. The LiFe(PO4)o.9Fo3/C sample also showed obvi- 
ously better cycling life at high temperature than the other 
samples. 
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